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Abstract 
A theoretical energy balance model was used to 
predict water temperatures in small clear streams 
which have limited heat transfer due to ground water 
flow. The model was designed for application to coastal 
streams in central California to determine reservoir 
release policies that would improve downstream 
salmon habitat by altering stream temperatures. 
The results of the model are predicted to be 
applicable to small clear streams in moderately 
calm and humid areas throughout the temperate 
zone, where the winters are not prolonged, and 
where there is little ground Hater flow.. It 
predicts that all turbulently flowing wateracts 
,. 
identically. It initially heats more rapidly than 
non-turbulent water, but reaches a lower asymptotic 
limit. The predicted water temperature was linearly 
related (in approximate descending order of 
importance) ·to the reciprocal of the square root of 
the thermal diffusivity of the substrate, the 
ambient water vapor pressure, the initial water 
temperature, the albedo of the stream bed, and the 
daily mean air temperature. It was found to have 
important curvilinear relationships with the angle 
of shading, the wind speed, and the depth. It was 
curvilinearly related to the lati~ude, but was 
surprisingly insensitive to it. It was insensitive 
to the annual mean temperature, and the range of 
daily air temperatures. 
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Introduction 
This paper introduces a theoretical mod~l for 
the prediction of water temperature in sma11··c1ear 
streams which have little heat transfer due to 
ground water flow. A major obstacle to the 
restoration of salmon habitat by variation i~ 
water reservoir releases is the absence of an 
adequate understanding of the effects upon the 
energy balance in streams, and consequently upon 
water tempern~ure. Characteristics of the 
model are investigated using conditions common 
to coastal strea~s in Central California. 
Water temperature is considered an important 
determinant of the distribution of aquatic 
species.{Reid, 1961; Macan, 1961; Smith 1972). 
Both the mean and the extremes of water temperature 
are important. Crisp and LeCren (1970) predicted 
striking differences in the life cycle of trout 
in streams of differing mean temperatures. Although 
fish can survive for short periods of time in 
temperatures beyond their temperature tolerance 
li@its (Fry, 1947), water temperatures associated 
with a few sequential days of extreme heating or 
cooling weather, may present boundries to a 
species• distribution. Salmonid fish have an 
upper temperature tolerance limit of 24 c. 
{Brett, 1952). 
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Brown (1969) demonstrated the feasibility of 
using an energy balance equation to predict the 
temperature of a small stream. He applied the 
technique to three short sections. In each, he 
took micrometeorological measurements for 
the terms in his energy balance equation. By 
summing their energy contributions, he was 
able to accurately predict water temperatureso 
The sections that he considered were adequately 
mixed so that he could consider the water column 
as one thermal unit. 
Extension of the energy balance method based 
upon field measurements ceases to be feasible for 
longer lengths of stream due to the large number 
of necessary measurements. In order to overcome 
this problem, Smith and Lavis (1975) suggested 
the use of air temperature as an estimate of the 
'h'ater temperature. This probably provides a good 
estimate for streams with an intermediate amount 
of shading, but is less satisfying in other 
applications. 
Many streams are subject to direct insolation, 
and under low flow conditions have little or no 
mixing. In the absence of extensive field 
observations, theoretically derived values for 
------~c-"'e~r'--'-'tain_v_ar-Lables-mus-"t--l;)e-u.-sea-.--'I'-he-l-ow---am~unt-------------
of mixing, under some conditions, necessitates 
I 
I 
I 
i t. 
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the consideration of the distribution of temperature 
and energy through the water and soil columns. 
The ··energy balance equation ( 1) is applied 
to the prediction of water temperature, where 
Qnet is the total energy flux, Qdir is the direct 
insolation, Qdif is the diffuse insolation, Qlw 
is the thermal radiation, Qev is the evaporative 
heat flux, Qatm is the heat convected to the 
atmosphere, and Qea ~s the heat transfer to the 
substrate. Consideration is given to the response 
of water temperature to variation of the variables 
used in the computation of these terms. 
A list of symbols appears in Table 1. 
Insolation 
the total solar radiation impinging upon 
a horizontal surface in the absence of an 
atmosphere may be computed by the use of equation 
(2) (Van Wijk, 1963); where Qs(O) is the solar 
------G-Ons-ta-n-t---,-l--l-G-..-4-l-a-:a(j-l-i-es-/--fleu~-(-s-e-l-l--ar-s--,-l-9-6-5-)-;~t·------------
is the time in hours; t 0 is true noon in hours; 
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Table 1 
The symbols that are used in this paper are listed 
below: 
A, B, and C 
a 
b 
C(v) 
c 
I 
K 
k 
L 
p 
0 atm 
0dif 
0dir 
0 ea 
matrices 
element of the polynomial fit for direct 
radiation 
element of the polynomial fit for diffuse 
radiation 
shading factor for direct radiation 
heat transfer to the soil 
specific heat of air at constant pressure 
ambient vapor pressure 
saturation vapor pressure at the temperature 
of the water surface 
intensity 
ther~al diffusivity 
extinction coefficient 
eddy diffusivity of the air 
latent heat of evaporation 
the Fourier number 
a~mospheric pressure 
convective heat transfer . to the air 
absorbed diffuse radiation 
absorbed direct beam radiation 
heat transfer to the soil 
evaporative he-:1t .loss to the stream 
j 
fl 
~ 
~ 0 1w 
I 0 net Qs 
I 
tJ 
i9 
,, Q ( 0) 
.s 
R 
Rbed 
R 
sky 
R 
w 
Re 
r 
S{v) 
T 
·r 0 
T 
atm 
T 
w 
t 
to 
u 
X 
0: 
" 
f3 
0 
£ 
'IP 
K 
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net thermal radiation of the stream 
net heat transfer to the stream 
available solar radiat~on outside the 
atmosphere 
the solar constant 
proportion of the insolation absorbed 
reflectivity of the stream bed 
sky exposure 
reflectivity of the water surface 
Reynold's number 
ratio of energy partitioning 
shading factor 
temperature 
soil surface temperature 
temperature of the air 
temperature of the water surface 
time in hours 
true noon in hours 
wind speed 
depth 
attenuation coefficient 
solar elevation in degrees 
solar declination 
latitude 
exchange coefficient 
\) 
p 
0 
T 
T 
0 
4l 
e 
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wave length 
angle from the zenith 
density of air 
the Stephan-Boltzmann constant 
the time (or date) in units of the period · 
the period 
angle from the zenith through which the 
sky is visible 
angle of solar elevation in radians 
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v is the angle from the zenith to the sun: ¢ 
is the latitude; and Q is the solar declination. 
The computation of the amount of direct and 
diffuse insolation which reaches the earth through 
the atmosphere is a subject which has received 
extensive consideration. Rather than adopt any 
particular formula, data from the literature 
(Brooks and Miller, 1963} and interpolated values 
from the most significant polynomial fit are used. 
Regression coefficients are presented in Table 2. 
The amount of direct and diffuse radiation available 
at the surface of the earth may be computed by the 
use of equations (3) and (4), where a and bare 
regression coefficients. 
Qd. ( \/) Qs (v) (a + a e ·+ 2 4 a e5) ( 3 ) -- a2 e + ••.•• +a1~e + l.r 0 1 5 
.. ,.;':\ 
Qdif(v) Q ( \/) (b0 + b 1 e 
2 8 9 ( 4) = + b28 + •••••. .•.•• + bBB + b9o ) ol )'c s 
In order to account for shading, a multiplied 
term, S{v), is included in the direct radiation 
equation. This shading factor is a step function 
equal to 0.0 when the stream is shaded, and 1.0 
when the sun is unobscured. 
A clear cloudless sky is not equally bright. 
Kimball and Hand's (1922) stereographic diagrams 
of sky brightness indicate that the sky is roughly 
I 
I 
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Table 2 
This table gives the regression coefficients for the polynomial 
fit of the ratio of direct to total radiation and the ratio of 
diffuse to total radiation as a function of solar elevation 
angle. 
Power of X Direct Radiation Diffuse Radiation 
Coef. Std. Err. Coef. Std. Err. 
0 -0.00508 0.00574 0.15011 0.00723 
1 2:.2697 0.06638 0.83657 0.15177 
2 -3.6751 0.24271 -5.8768 - 1;0675 
3 3.3621 0.37337 16.890 3.3446 
4 -1.5996 0.25233 -25 .. 761 3.6908 
5 0.30328 0,06175 19.801 8.241 
6 ••••• II • • • & -3.7744 10.733 
7 • • • • • ••••• -4.9573 6· .. 5765. 
8 • • • • • • • • • • 3.4677 1.9185 
9 • • • • • • • • • • -0 .. 68237 0.18544 
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0 ten times a bright near the sun as 90 from it; 
and is nearly five times as bright near the 
horizon as near the zenith (Brooks and Miller, 
1963). The simplifying assumption is made that 
the sky brightness is proportional to the angle 
from the zenith. This provides an easily integrable 
function for sky brightness which does not require 
reevaluation throught the day. Such reevaluation 
would be time consuming and expensive on a computer. 
The sky exposuTe, R k , may be computed by the use 
s y 
of equation (5), where t is the angle from 
the zenith for which the sky is visible. Figure 
(5) B. = 2n~cos~- 2nsin~ cos~+ 1 
sey 
1 - 2n 
1 shows sky exposure as a function of cover angle, 
the angle from the horizon for which the sky is 
obscured. 
The Reflectivity of a water surface is estimated 
by the use of equation (6) (Anderson, 1954), 
(6) 
= 1.0 
for a ~1.24° 
for S <1.24° 
where S is the solar elevation in degrees. In this 
formula, both direct and diffuse r~diation are 
considered. It is assumed that the entire sky 
is visible. For this reason, the formula gives 
-11-
Figure 1. The sky exposure factor is graphed as a function 
of the angle froQ the horizon for which the sky is obscured. 
I -12-
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an overestimate of the reflectivity when there is 
limited sky exposure. Therefore, a value of 0.04 
is used when the cover angle is greater than 15°. 
This is in accordance with the observations of 
Sauberer and Eckel as presented by Hutchinson 
(1957). 
In a shallow stream the stream bed provides 
another potential reflecting surface. Van Wijk 
(1963) lists reflectivities of moist plowed fields. 
The values lie between 0.05 and 0.14. The 
approximate value of 0.10 is used for the 
reflectivity of the stream bed, Rbed• The reflectivity 
of a real stream bed must vary with its composition. 
All reflected light is assumed to leave the stream~ 
This simplification tends to contribute a slight 
underestimate to the computation of absorbed 
radiation, but is probably insignificant compared 
with natural variations. 
Combining the above components, the following 
formulae are obtained for the direct and diffuse 
radiation: 
Van Wijk {1963) after Kimball gives the 
-14-
distribution over wavelength of solar radiation 
on an avarage clear day in liashington D. c. for 
various angles of solar incidence. There is a 
shift in the distribution with increasing angle. 
This occurs primarily in the range of 500 to 700 
microns. 
Brooks and Miller (1963) give~ attenuation 
coefficients for pure water for wavelengths between 
0.375 and 2.4 microns. Wolf (1965) gives the 
extinction coefficients for pure water between 
1.0 and 18.0 microns. By the use of the equations 
(9) and (10), where~ is the extinction coefficient, 
and q- is the attenuation coefficient; the -
distribution o6 solar energy throught the water 
column can be computed. The results appear in Table 
3. It may be observed that the shift towards longer 
wavelengths \vi th increasing incidence angle has 
little effect upon the spatial distribution of solar 
(9) a= hlTK 
--r 
( 10) I 
energy through the Rater column due to the relatively 
uniform absorptivity of water for the visible spectrum. 
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Table .~ 
The distribution of solar radiation through a water column 
·~- ~-......-.-. 
Depth Absorbed Remaining Depth Absorbed Remaining 
em c/ % % % % /0 
0 o. 100. 26 .48 56.38 
1· 19.18 80.82 27 .46 55.91 
2 2.25 78.57 28 .L4 55.47 
3 1. 75 76.81 29 .43 55.04 4,. 1.61 75.20 30 .41 54.63 
5 1.50 73.70 31 .• 40 5h.2h 
6 1.40 72.30 32 .38 53.85 
7 1.31 70 .• 99 33 ~37 53.48 
8 1.22 69.76 34 .37 53.12 
9 1.15 68.62 35 .35 52.77 
.10 1.08 67.54 36 .34 52.44 
11 1.01. 66.5) 37 
-33 52.11 
12 .95 65.57 38' .32 51.79 
13 .90 64.68 39 .31 51.49 
14 :e5 63.83 40 .30 51.19 
15 .80 6J.02 41 .29 50.90 
16 .76 62.26 42 .28 50.61 
17 ;72 61.54 43 .27 50.34 
18 .69 60.85 44 .27 50.01 
19 .65 60.20 h5 .26 49.81 
20 .62 59.58 46 .25 h9.56 
21 .59 58.98 47 .25 49,31 
22 .57 58..h2 48 .24 49.07 
. 23 
.54 57.87 49 .24 48.83 
24 .52 57.35 50 .23 48.60 
_· ---.££ .~o ~6:85_ 21 .22 Lt8.38 
I 
I 
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Thermal Radiation 
The thermal radiation of an object may be 
computed by the use of equation (11), where o 
is the Stephan-Boltzmann constant, £ is the 
emissivity of the surface, and T is the absolute 
temperature. Equation (12) may be used to 
compute the thermal radiant flux between two surfaces 
(12) 
of equal emissivity. If the air, the hills, and 
the foliage are combined, assumed to have equal 
temperatures, and to have a lumped emissivity 
equal to the water surface, which is close to 
1.0, then e~1ation (12) may be used to estimate 
the net thermal radiation bet\veen the stream and 
its enviroment. 
Evaporative Heat Flux 
The evaporative heat flux, Qev' may be 
computed from the Dalton-type equation, (13) 
(Brown, 1969), \'There kev is the exchange coefficient, 
L is the latent heat of evaporation, U is the 
wind speed, ea is the ambient water vapor pressure, and 
-17-
(13) Q = K L U (e - e ) 
ev a ~ 
ew is the saturation water vapor pressure at the 
temperature of the water surface. The saturation 
water vapor pressure may be related to the 
temperature by using equation (14). The constants 
(14) e = 
~ 
(0.0645 T ) 
4. 76 e w 
it contains were found by use of a log transformed 
regression of the values given by Weast (1969)o 
Combining equations (13) and (14), obtains equation 
(15),. 
(15) (Q.o61~5 T ) 0.008804 U (e - 4.76 e ~ ) 
a 
Convective Heat Flux 
The a~ount of energy convected away in the 
air may be computed by using equation (16) 
(Brown, 1969); where Pis the atmospheric 
(16) Q = K P U ( T - T ) 
atm a ~ 
pressure, which is assumed to be 765 mm Hg; 
and where k t is the exchange coefficient for 
a m 
convective heat transfer. Combining these 
constants gives equation ( 17) .• Table 4 
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Table 4 
I -----Atmospheric measurements along Walker Creek in 1976. Temperature, 
I T, in degrees c· water vapor pressure, · Ea, in mm. Hg; Wind speed, , 
I 
,
in em/sec. I u, I j 
Distance Be1o\.,r Dam 
0 krn 1 km 4 Jcm 12 km 
Date T Ea u T Ea u T Ea u T Ea u 
June 
l9 24.4 11.6 50 24.3 11.2 20 20.1 11.0 5 21.5 11.5 25 
20 20.0 11.8 5 • • • • • • • • • • • • • 20.1 11.5 5 17.8 12.0 5 
21 21.7 11.4 400 G e e • • • e e o 0 • e 9 24.5 14.1 100 24.2 12.0 5 
22 24~3 10.6 50 21.1 11.6 100 23.3 11.0 5 26.6 11.5 25 
.. tuly 
9 22.8 10.8 150 24.0 11~3 50 21.1 ll~6 200 20.0 12.2 150 
12 23.3 10.6 50 24.4 11~2 _1Q 23.3 11.0 5 20.6 11.5 25 
13 21.7 11.8 350" •••••••••••••.. 24.4 14.2 100 24.0 12.0 5 
14 20.0 11.7 5 ••••....••••.. ~20.0 11.5 51 16.7 11.8 5 ----
15 18.9 11.4 50 • • • • • • • 0 • • • • • 20.0 10.8 5 20.0 12.4 5 
16 23.2 11.4 40 ............. , .22.6 12.1 150 19.0 10.9 50 
17 24.7 10.2 5 . . . . . . . . . . . . . 25.1 11.3 -10 22.3 12.6 5 
18 20.8 10.1 150 . . . . . . . . . . . . . -21.1 10.6 50 17.9 9.7 100 
.. 
19 21.1 11.8 50 • • • • 0 • • • • • • • • -22.0 11.3 100 l2.. 8 11 1 5 5 
-10-
( 17) Q t = 0. 00465 U (T - T ) 
am a w 
contains air temperatures, vapor pressures, and 
wind speeds measuredin the summer. of 1976 along 
Walker Creek, a small stream in the Tomales Bay 
region of Central California, that is thought to 
be representative of small streams in Central 
California that are subject to oceanic influences. 
Air temperature is assumed to vary beb-1een 5° and 
25° c. It is assumed to be proportional to sinCe) 
where e is the angle of solar elevation. This 
gives a periodic function of unequal day and 
night length. 
HeatExchange with the Substrate 
It is necessary to determine the manner of 
heat transfer to the substrate. Conduction 
alone occurs in solids and laminarly flowing 
liquids. Forced convection occurs in areas of 
net flow into or out of the substrate. Free 
convection occurs due to mass transfer in 
turbulent flow. If the fluid component of 
the substrate exhibits convection, the heat 
transfer coefficient may be significantly 
increased. 
In order to determine if t~~PAleD~~low 
occurs in the substrate, the critical values 
of flow rate, for which any higher flow rate 
or grain size would produce turbulent 
-20-
intersti tial flow \vas computed by the method of 
Hubbert (~956). This computation was done for 
a range of water temperatures and their viscosities 
as given by Weast (1969). The computation involves 
the use of the Reynolds• equation (18) with a 
( 18) Re = Depth · Speed .•. Density / Viscosity 
critical value of 600. The results appear in Table 
5. Turbulent flow is a rare event for interstitial 
flow in the stream bed. Hence, I assume that there 
is no free convection in the interstitial water 
in the stream bed. 
During flows of 10 liters/second, regions of 
\valker Creek are composed of series of pools 
betw·een which there is no surface flow. Under 
similar conditions Crisp and LeCren (1970) 
and others as sumarized by Hynes (1970) found 
that soil temperature strongly influences water 
temperature. In many streams there. may be local 
areas where there are net flows into or out of 
the stream bed. The effects of such forced 
convection would be more significant as the volume 
of the stream decreases and the ground water 
composes an increasing proportion of the total 
flow. I do not consider forced convection in · 
• -'· '.r· 
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the model. 
The rate of heat transfer to the substrate 
is dependent upon the temperature gradient. 
This is difficult to measure and is probably 
subject to local variations. With increasing 
depth into the soil, the magnitude of the daily 
or annual temperature fluctuations decrease, and 
the temperature approaches the annual mean 
temperature of the soil's surface. In order to 
find the mean temperature, the maximum and minimum 
ocean surface temperatures, the temperature profiles 
in two local reservoirs, and the surface and bottom 
temperatures in still shaded pools in Walker Creek 
were considered. These temperatures appear in 
Table 6. The annual mean soil surface temperature 
is considered to be 13.5° c. 
In order to determine a theoretical temperature 
profile, the governing equation for heat transfer 
is solved under the simplifing assumption that the 
substrate has a uniform diffusivity (Eckert and 
Drake, 1972}. This gives equation (19). The 
( 19) T ( - t:;;;-K~ lT X) = T e /~ cos[ -~ + Q TO X ) 
profile may be solved by substituting 
the thermal diffusivity of the substrate,K, and 
-2J-
Table 6 
The temperature in degrees c. of shaded pools in Walker Creek 
measured in July of 1974. 
Surface Bottom Depth Surface Bottom Depth 
22.0 21.3 63 21 .. 1 17.8 54 
21.7 19 .. 8 87 21.0 17.5 80 
22.5 18.9 84 21.0 19.5 80 
21.0 18.8 83 21.1 18.8 90 
21.0 14.5 70 
Haximum ocean surface temperature at Dillon Beach in 1975 17.,9 
Hinirnum ocean surface temperature at Dillon Beach in 1975 9.0 
Temperature profiles of local reservoirs. 
Reservoir Soulajoule Nicasio Nicasio 
Depth (feet) Hay 1975 June 1969 Aug 1969 
0 18.5 21.0 20.7 
10 17.7 19.2 20.8 
20 15 .. 2 17.7 18.4 
30 13.6 16.4 17.2 
40 Bottom 16.2 17e2 
50 
•••• 15.0 16.2 
60 
• • • • 13.8 • • • • 
70 • • • • 13~8 14.4 
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by using n = 1, T=O, and the initial water temperature 
as the annual maximum temperature. This gives a 
theoretical profile that would be expected to 
account for the larger part of the actual temperature 
profile. It is affected by T, the time of the year. 
Near the soil surface, there would be a steeper 
gradient in the spr-ing than in the fall. Hence, 
it is to be anticipated that the amount of heat 
transfer to the substrate may vary seasonally. 
The Conduction of Heat 
Table 7 shows values of the thermal 
diffusivity of water under various conditions 
of turbulence and thermal profiles. Under stable 
profiles, vertical eddy diffusivity is suppressed 
by buoyance~ Horizontal eddy diffusivity is, 
however, not equally suppressed. Thus, turbulent 
water with a temperature gradient tends to be 
an anisotropic media. Under such conditions, the 
banks of the stream may play a disproportionate 
role in heat transfer. I initially assume that 
the water is an isotropic medum, and will later 
consider the generality of the assumption. 
By use of the Reynolds' equation (18), one 
can predict whether flow may be laminar or 
turbulent. For natural streams, a critical value 
of 500 is suggested by Chorley (1969). Table 8 
-25-
Table 7 
Thermal diffusivities in cm2/sec of various substances 
(Sellars, 1965; Priestley, 1959) 
Substance Diffusivity 
Quartz 0.044 
Clay .Hinerals 0.015 
Organic matter (soil) 0.001 
Still Hater 0.0014 
Stirred Water, very stable profile 0.1 
Stirred Water, moderately stable profile so. 
Stirred Water, neutral profile 300. 
Still Air 0 .. 202 
Stirred Air, very stable profile 1 X 103 
Stirred Air, neutral stability 1 X 105 
Stirred Air, very unstable profile 1 X 10 7 
Water Saturated Fairbanks Sand 0.0095 
Water Saturated Quartz Sand 0 .. 0090 
Water Saturated Clay 0.0067 
~ II 
I -26-
8 Table 8 ~ The velocity of f lm.,r for which any more rapid f 10\'1 will be ~ I turbulent. Velocities in em/sec. 
"'Depth (em) 1.0 2.0 5.0 10.0 25.0 50.0 100.0' 
~ Temperature (degrees Celsius) 
~-
o.o 8.94 4~47 1.74 0.89 0.36 0~18 0.09 
s.o 7.60 3.80 1.52 0.76 0.30 0.15 0.08 
10.0 6.54 3.27 1.31 0.65 0.26 0.13 0.07 
15.0 5~70 2.85 1.14 0.57 0.23 0.11 o .o·G 
.. 
20.0 5.01 2.50 1.00 0 .. 50 0.20 0.10 o.os 
25.0 4.45 2.22 0.89 0.44 0.18 0.09 o.os 
30.0 3.99 1.99 0.80 0 .. 40 0.16 0.08 0.04 
35.0 3.60 +.80 0.72 0.36 0.14 0.07 0.04 
40,0 3.26 1.63 0.65 0.33 0.13 0.06 0.03 
I L -27-gives the critical values of flow rate for various 
depths and temperatures. Clearly, if there is 
distinguishable flow, for most of the stream, 
flow will be turbulent. 
Ideal streams have logarithmic velocity 
profiles (Chorley, 1969). Under such a profile, 
eddy diffusivity follows a parabolic profile 
(Atesrnan, 1975). Although natural streams show 
much irregularity in hheir velocity profiles, it 
is more appropriate to assume an ideal profile 
than another arbitrary one, and as I will show 
later, it may be of little significance. 
Turbulence is assumed to be maximal at one half 
the stream's depth. Turbulence is .negligible at 
the soil/water interface, and is suppressed at 
the air/water interface. The thermal diffusivity 
is assumed to be equal to that of still water at 
the soil/water interface, and to be 2/3 of its 
maximal value at the water's upper surface. The 
upper half of the water column is fit with a 
cubic equation, and the lower half with a 
parabola. This curve approaches that given by 
Chorley (1969) and would appear to have some 
realism. 
If the soil/water column is divided into 
depth increments, the heat transfer can be 
computed by the standard explicit method {Eckert 
-28-
and Drake, 1975): 
(21) M = ( ~x) 2/ (K ~t) 
where T. tis the temperature of the jth depth J, 
. t . th tth t' . d h 1ncremen 1n e 1me 1ncrement; an w ere 
K. is the thermal diffusivity of the jth depth 
J 
increment. For Fourier numbers, M, less than 
or equal to 2, the iteration becomes unstable, 
producing divergent-oscillations. At stable 
values of M, the iteration approaches the 
correct solution. For large thermal diffusivities, 
in order for M to be more than 2, excessively 
large depth increments or short time intervals 
must be used. For this reason, the explicit 
method is not used in the water column. It is, 
however, used to compute the heat transfer in the 
lower part of the soil column, where the thermal 
2 diffusivities are assumed to be 0.007 em /sec, 
approximately that of water saturated sand 
{Sellars, 1969). Ten em depth increments and 30 
min. time increments are used. This gives a 
Fourier number of 7.9 • 
The implicit method (22) (Eckert and Drake, 
1972) cannot give risA' ~~instabilities. As M 
i 
l -29-decreases, the time temperature difference also 
decreases, making divergent oscillations impossible. 
This method, however, requires the 
solution of N simultaneous equations, where there 
are N depth increments. Solution is obtained from 
the matrix equation (23), where the column vectors 
or B = A-l X C 
represent temperatures at various depths for 
succeeding time intervals. The inverse matrix is 
the heat transfer matrix, the non-zero terms of 
whose jth row give the heat g~ined by the j-lth 
element, the heat gained by the jth element, and 
. th 
the heat gained by the j+l element. The inverse 
of the heat transfer matrix need only be found 
once for any one set of diffusivitieso To 
reduce computer time in the model, 60 by 60 matrices 
were us~d. The matrix is used to compute heat 
transfer in the 30 em water column, and in the 
first 30 em of the soil column. 
-30-
The Form of the Model 
The model simulates a vertical column of soil 
and water. It is assumed that the temperature 
profile of the soil/water column one time increment 
downstream is not significantly different from 
the one immediately upstream of it. Thus, it is 
necessary to maintain only one temperature profile 
and to operate upon it. 
Fourteen variables are considered. Each was 
varied as the others were held constant at 
realistic values. These variables and their values 
appear in Table 9. They were obtained in the summers 
of 1974 and 1975.for Walker creek, and are thought 
to be representative of many small streams in central 
California which are subject to an oceanic influence. 
The applicability of the results obtained under 
these values of the variables, to other conditions 
and geographical areas will be discussed with the 
results of the relevant variables. Documentation 
of the computer program is available upon request. 
The energy balance equation for the upper 60 
em of the soil/water column is given in equation (24) 7 
(24) 
T-1,t+1 T1,t+ Qnet 1 
Tj,t+1 = A-
1 X Tj,t+ Qnet j 
T 
m,t+l T m,t+ :Qnet m 
-31-
Table 9 
This table contains the constant values of the 14 
variables used in the model. 
1) the time of day that the water leaves the reservoir 
(shortly after dawn, -6 hours: and shortly before 
dusk, +6 hours) 
2) the diffusivity of the water (0.0014 and 50.0 cm2/sec 
3) 
for still and laminar water, respectively) 
2 the diffusivity of the soil (0.007 em /sec, that of 
water saturated sand) 
4) the annual mean temperature (13.5°C.) 
5} the depth of the stream (30 em) 
6) the temperature of the water leaving the reservoir 
0 ( 15 c .. ) 
7) the mean daily air temperature (15°c.) 
8) the range of daily air temperatures (20°C.) 
9) the ambient water vapor pressure (11 .. 5 mm Hg) 
10)- the wind speed (50 em/sec) 
11)- ±he_ albedo of the stream bed ( .10) 
0 -12) ~ . the:--.cover- angle .. ( 30 ) ' 
13) · the ·solar: declination>( 24.5°,- the· summer_, solsticel-=~~: 
14) · - the" -latitude ( 38°,- that of :W.alker-creek-}-
( 25) Q 
net1 
(26) 
- 0.00465 u 
o. oo88ol+ · u 
(T - T t ) 
v a m (o.o645 T ) 
( 4 6 e 'W ) e - • 7 
a 
where T. . is J.,J the temperature of the ith increment 
at the time t, Q . is the net energy absorbed 
net 1 
by that increment in the time interval, R. is the 
J_ 
proportion of the insolation that is absorbed by 
th . th . . bl 2 e J. J.ncrement as gJ.ven in Ta e • Heat 
transfer below 60 em is computed by the use 
of equation (20). 
Results and Discussion 
Figure 2 shows the mean water temperatures 
for a non-turbulent stream as a function of the 
time the water has been in the stream and of the 
time of day that the water entered the stream. 
Figure 3 shows the corresponding curve for a 
turbulent stream. These curves are characteristic 
of predicted water temperature curves. The 
maximum water temperature in each day of travel 
downstream occurs with water that entered shortly 
-JJ-
Figure 2. The mean temperature in degrees Celsius of non-turbulent 
water is shown as a function of the time of day in hours from true 
noon that the water entered the stream, and as a function of the 
time in hours that it has been in the stream. 
Figure 3. The mean temperature in degrees Celsius of turbul~nt 
water is shown as a function of the time of day in hours from 
true noon that the water entered the stream, and as a function of 
the time in hours that it has been in the stream • 
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after dawn. The minimum occurs for water that 
entered shortly before dusk. By consideration of 
the water that enters at dawn or at dusk, one 
can obtain the daily maximum and minimum 
water temperatures. Curves fit to the daily 
extreme water temperatures do not show all 
the fluctuations in the predicted water temper-
ature curves. The existence of differences 
between the extreme temperatures of water 
that entered at different times, is de~endent 
upon the absence of lateral mixing in the 
simulation, the reality of which is dependent 
~pon the nature oE the stream considered. 
The differences are, however, minor, and .the 
use of daily extremes in plotting curves, by 
standardizing over these differences, simplifies 
the results with little loss of realism. 
Figures 4 and 5 show the temperature 
profiles in the upper 50 em of the water/soil 
column as a function of time after entry into 
the stream. Figure 4 is for non-turbulent water. 
The maxima at the surface and at the soil/water 
interface, 30 em, illustrates the degree to 
which heating occurs at the upper and lower 
interfaces. Following each maximum, the heat 
disperses. Figure 5 shows the temperature 
profiles for turbulent water and the underlying 
-36-
Figure 4. The temperature profile of the soil (0-30 em)- water 
{31-50 em) column in degrees Celsius is shown as a function 
of time after the water entered the stream, for non-turbulent flow. 
Figure 5. The temperature profile of the soil (0-30 em) - water 
{31-50 em) column in degrees Celsius is shown as a function of 
time after the water entered the stream: for turbulent flow. 
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Figure 6. The daily maxima and minima of the means over depth of 
water temperatures in degrees c. are shown for non-turbulent 
(naughts) and turbulent (crosses) flow as a function of ~ime 
after entery into the streame 
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substrate. The most striking feature of these 
profiles is the uniform water temperature. Under 
such conditions, the water could be treated as 
a single thermal unit. Because of the neutral 
thermal profile, there is no supression of 
vertical eddy diffusivity by bouyance and the 
water may be treated as an isotropic medu~s 
In figure 6 the daily maximum and minimum 
mean water temperatures for turbulent and 
non-turbulent water are contrasted. The range 
of daily variation is greater for turbulent 
than for non-turbulent water. Also, it may 
be observed that, although turbulent water heats 
rno:re rapidly, .its temperature approaches an 
assymptotic limit which is lower than that for 
non-turbulent water. There was no difference to 
0.001°C. between the results for turbulent flm-1 
with diffusivities of 0.1, SO, or 300 cm2/sec. 
For this reason, the diffusivity of 50 cm2/sec 
has been used for turbulent "VTater throughout 
the remainder of the text. 
Sellars {1965) in a review, presented a 
formula derived by Schmidt, for the partitioning 
of energy between two semi-infinite media which 
are heated at their interface (27). He assumed 
an air/soil system in which the air had a uniform 
diffusivity and which had energy balance 
-41-
components that varied periodically. These 
assumptions are not valid in the air/soil system; 
however, they are in the still water/soil system. 
Under conditions of turbulent flow, the exchange 
rates are sufficiently high that mixing in a 
shallow stream is virtually instantaneous, and 
the vertical distribution of eddy diffusivity is 
insignificant in the exchange process. This 
makes the assumptions valid for turbulent 
water as well. Sellars (1965) concluded that 
the ratio for the partitioning of energy, r, 
was determined by the ratio of the thermal 
properties of the media (27), where cis the 
(27) r = 
heat capacity of the soil, Cp is the specific 
heat of the air, p is the density of the air, 
k h is the eddy diffusivity of the air, and K 
is the thermal diffusivity of the soil. 
The application of this formula to the 
stream system indicates that the partitioning of 
energy should reflect the ratios of the square 
roots of the thermal diffusivities of the media. 
Thus, as the thermal diffusivity of the water 
is increased by a factor of 200,000 , 
-42-
from non-turbulent to turbulent flow, one 
expects the partitioning to more strongly 
favor the turbulent water over the substrate 
than the non-turbulent water over the 
substrate. This explains the higher rate of 
heating in turbulent water. As heating progresses; 
heat storage becomes significant, and the. water 
column ceases to respond as a semi-infinite 
medum. 
The central portion of the non-turbulent 
water column has a limited ability to exchange 
heat with the surfaces. Thus, it cannot be as 
readily cooled as turbulent water. Heating te'nds 
to occur at the soil/water interface. A large 
portion of the heat diffuses up•.vard and is 
retained. This may account for the higher 
asymptotic temperature of non-turbulent water. 
It should be noted that these high water temperatures 
of non-turbulent water may be spurious, due to 
the failure to consider the effects of buoyance. 
Under such strongly unstable thermal profiles, 
irregularities in the stream bed may act to 
induce forced convection and, thus, a far greater 
rate of heat transfer than the model accounts for. 
Water temperature is curvilinearly related 
to the 3oil•s diffusivity (figure 7). The 
range of diffusivities considered, 0.001 to 0.044 
_l-J.J-
2 
em /sec, should encompass all natural variations 
of the substrate material. The maximum value, 
0.044 cm2/sec, is the diffusivity of quartz, one 
of the best conductors amoung substrate materials. 
2 The minimum value, 0.001 em /sec, is the diffusivity 
of organic soil material, one of the poorest. To 
test the applicability of equation (27), _the 
asymptotic water temperature was plotted against 
the reciprocal of the square root of the 
substrate's diffusivity (figure 8). There is a 
linear relationship for diffusivities greater 
than 0.004 cm2/sec. This shows the validity of 
equation (27) within this range. The curves 
corresponding to non-turbulent water have steeper 
slopes than those for turbulent water. Therefore, 
the substrate material would have a greater effect 
under non-turbulent conditions. Within the 
range where most of the variation of the substrate's 
diffusivities would be expected to occur, 0.004 
2 to 0.02 em /sec, both the turbulent and non-
turbulent curves are sufficiently affected to 
justify the prediction that the thermal properties 
of the substrate may have important effects upon 
water temperature. 
As shown in figure 9, increases in the annual 
mean temperature cause a slight and linear increase 
in the asymptotic t:rater temperature. This change 
! 
I 
I 
! 
~ 
-44-
Figure 7. The daily maxima and minima of the means over depth 
of the water temperatures in degrees c. are shown for non-turbulent 
(naughts) and turbulent (crosses) flow as a function of the 
thernal diffusivity in cm 2/sec. of the substrate~ The substrate 
is assumed to be homogenious. 
Figure 8. The daily rnaxj_rna and ninirna of the means over depth 
of the water temperatures in degrees c. are shown for non-turbulent 
(naughts) and turbulent (crosses) flow a~ a function of the 
reciprocal of the square root of the diffusivity of the 
substrate. The ~bscissa is in units of sec112;cm. The substrate 
is assumed to be homogenious. 
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is about O.l°C for every l.0°c change in the 
annual mean temperature. Stream temperature is 
insensitive to variation of this variable. 
Figure 10 shows the results of variation 
of depth. It is to be expected that the reduced 
heat capacity of a shallower stream-should lead 
to an increased daily variation of water _ 
temperature. The figure clearly shows this 
trend. Since the lower limit of water temperature 
is bounded by the minimum air and soil temperatures, 
while the maximum is unbounded, the maxima 
should show greater variation with depth than 
the minima. This is indeed the case. Increasing 
the depth from 30 to 50 em appears to have 
increased the asymptotic \'later temperature of the 
in the non-turbulent water column. This may be 
explained in terms of spatial considerations 
and heat storage. The water column, being to 
some degree heated from the bottom and cooled 
from the top, must conduct some heat upwards. 
With greater depth, the length of the temperature 
gradient is increased, requiring higher bottom 
temperatures in order to maintain the same rate 
of heat transfer. 
0 0 Over the range considered, 13.5 to 25 c, 
increases in the temperature of the water entering 
-47-
Figure 9. The daily ~axima and minima of the means over depth 
of the water temperatures in degrees c. are shown for non-
turbulent (naughts) and turbulent (crosses) flow as a function 
of the annual mean temperature in degrees c. 
Figure 10. The daily maxiQa nad minima of the means over depth 
of the water temperatures in degrees c. are shown for non-
turbulent (naughts) and turbulent {crosses) flOi'l as a function 
of the depth of the stream in em. 
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the stream cause linear increases in the stream's 
asymptotic temperature (figure 11). The stream's 
asymptotic temperature changes about O.S°C for 
0 
every 1.0 C change in the initial water 
temperature. This is protably a result of 
alteration of the temperature profile in the 
substrate. 
Asymptotic water temperatures are linearly 
related to the mean air temperature (figure l2)o 
The asymptotic water temperature incr~ases 
abou·t O.l7°c. for every l.0°c. increase in the 
mean air temperature. Variation of the ranges 
from 0° to 30°C, of daily air temperature had no 
effect upon water temperatures. 
The asymptotic water temperature is linearly 
related to the ambient water vapor pressure 
within the range of 0 to 25 rom Hg. This 
includes humidities between 0 and 100% at 25°C 
(figure 13). A 1.0 mm Hg increase in vapor 
pressure causes a 0.23°c increase in the asymptotic 
water temperature. This implies that evaporation 
is important to the stream's energy buget. All 
other factors being equal, a stream in a dry region 
0 
might be 5 c cooler than one in a humid region. 
Apparently, the convection of heat to the 
atmosphere is of minor importance, the relationship 
-50-
Figure 11. The daily maxima and minima of the means over depth 
of the water temperatures in degrees c. are shown for non-
turbulent (naughts) and turbulent (crosses) flow as a function 
of the temperature in degrees c. of the water entering the 
stream. 
Figure 12. The daily maxima and minima of the means over depth 
of the water temperatures in degrees c. are shown for 
non-turbulent (naughts) and turbulent (crosses) flow as a 
function of the daily mean air temperature in degrees c. 
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Figure 13. The daily maxima and minima of the means over depth of 
the water temperatures in degrees c. are shown for non-turbulent 
(naughts) and turbulent (crosses) flow as a function of the 
ambient vapor pres~ure in rnm Hg. 
• 
Figure 14. The daily maxima and minima of the-means ov~r depth 
of the water temperatures in degrees c. are shown for non-
turbulent (naughts) and turbulent (crosses) flow as a function 
of the wind speed in em/sec. 
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between air and water temperatures being largely 
accounted for by the evaporative heat fluxe 
Figure 14 shows that the asymptotic water 
temperature is curvilinearly related to the 
wind speed. The large range of variation of 
predicted water temperatures indicates the 
importance of wind in determining the energy 
balance. This is in agreement with the field 
observations of Kamler (1965). 
The asymptotic water temperature is linearly 
related to the albedo of the stream bed (figure 
15). The range of albedos, 0.05 to 0.20, contains 
a great deal of the possible natural variations. 
An increase of 0.01 in the albedo causes an 
increase of O.l6°C in the asymptotic water temperature. 
This is of potential importance to the comparison 
of streams, or reaches of streams, whose beds 
have widely differing albedos. However, most 
streams probably show little difference in their 
mean albedos. 
The asymptotic water temperature is 
curvilinearly related to the cover angle (figure 
17). Figures 17, 18, and 19 show~respectively, 
the total insolation, the direct insolation, and 
the diffuse insolation; all as functions of the 
time of day, and for various·cq~er angles. Direct 
insolation is the dominating f~ctor, being at 
-55-
Figure 15. The daily maxima and minima of the means over depth 
of the water temperatures in degrees c. are shown for non-
tu·rbulent (naughts) and turbulent (crosses) floH as a function 
of the albido of the stream-bed. 
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Figure 16. The daily maxima and minima of the means over depth 
of the water temperatures in degrees c. are shown for non-
turbulent (naughts) and turbulent (crosses) flow as a function 
of the angle from the horizon through which the sky is obscured. 
Figure 17. The total insolation in cal/cm2min that reaches the 
horizontal surface of the stream is shown as a function of the 
·time of day in hours from true noon, for the cover angles of 
0, 15,.30, 45, 60,75, and 90 de~rees. 
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Figure 18. The direct beam insolation in cal/cm2min that reaches 
the horizontal surface of the stream is shown as a function of the 
time of day in hours from true noon, £or cover angles of 0,15,30, 
45,60,75, and 90 degrees. 
Figure 19. The diffuse radiation in cal/cm2min that reaches the 
horizontal surface of the stream is shown as a function of the 
time of day in hours from true noon, for caover angles of 0, 15, 
30,45, and 60 degrees. 
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least an order of magnitude greater than the 
diffuse insolation. Figure 16 shows that shading 
is a domiant variable in determining stream 
temperature. Its importance has been has been 
widely recognized (Hynes, 1970). The greatest 
effect is predicted between 40° and 60° of 
cover. Between 80° and 90° of cover, where 
the sun is never visible, there is little 
predicted difference. 
The declination of the sun is a function 
of the season, ~ 24.5° corresponding to the 
summer and winter solstices. The relationship 
between declination and the asymptotic water 
temperature are shown in Figure 20. They are 
curvilinear relationships, linear in the 
central region and curved at either end. 
The season has an important effect through 
the angle of declination. 
The latitude was varied through a range 
corresponding to the temperate zone, 23.27° 
0 to 66.78 • The effects upon the asymptotic 
water temperature appear in figure 21. The 
maximum is not at the tropic, but somewhere 
between 30° and 40° of latitude. In this 
region, though the sun is at a lower elevation, 
the days are longer, causing a greater net 
insolation. Throughout the temperate zone, 
-62-
Figure 20. The daily maxima and minima of the means over depth 
of the water temperatures in degrees c. are shown for· non-
turbulent (naughts) and turbulent (crosses) flow as a function 
of the angle of deglination in degrees. 
Figure 21. The daily maxima and minima of the means over depth 
of the water temperatures in degrees c. are shown for non-
turbulent (naughts) and turbulent (crosses) flow as a function 
of the latitude in degrees. 
T 
E 
11 
p 
E 
R 
A 
T 
u 
R 
E 
T 
E 
N 
p 
E 
R 
A 
T 
u 
R 
E 
49 
39 
29 
19 
-39 -29 
-63-
---
-19 e 10 29 39 
DECLIHATJOH 
LATITUDE 
-64-
there is suprisingly little variation in the 
predicted water temperatures; about 3.9°C for 
non-turbulent water, and 2.85° and o.a0c for 
the maximum and minimum asymptotic water 
temperatures for turbulent water. 
In the higher latitudes,on winter days, not 
only is the sun at a lovrer elevation, but the 
days are shorter. This results in an increased 
winter cooling. Ice may form and, in some 
regions, persist until late spring. Not having 
had the opportunity to warm. the maximum water 
temperature may be displaced later in the year. 
As may be observed in e~~ation (19), this causes 
a steeper soil temperature gradient.and, thereby, 
more heat transfer to the substrate. Since 
winter time variations are not considered in this 
model, it is less applicable to regions with 
severe or persistent winters, but remains 
applicable to the more moderate regions throughout 
the temperate zone. 
Conclusions 
High summer water temperatures are thought 
to limit the distribution and abundance of 
salmon in the stream studied, Walker Creek. 
In order to find a reservoir management policy 
that would decrease downstream water temperatures, 
-65-
an energy balance model was used to predict water 
temperatures. Th~ applicability of such models 
was demonstrated by Brown (1969), who took 
extensive micrometeorological measurements over 
short sections of stream. This study, an 
extension to longer lengths of stream, employs 
theoretical values to obtain a generalizable 
model. The necessary variables were set at 
values thought to be representative of such 
coastal Californian streams, while sinqle variables 
were varied to determine their importance and 
effects .. 
Consideration of the predicted soil 
temperature profile indicates that there may be 
seasonal variations in the amount of heat 
transfered to the substrateo There is also 
reason to believe that forced convection through 
ground water flow may play an important role, being 
o[ greater importance during periods of reduced 
flow. 
Host distinguishable flow in natural streams 
is probably turbulent. Over the range of turbulence 
considered, which should include most of the 
natural variation, there are no differences in 
temperature due to the amount of turbulence. There 
are, however, differences between turbulent and 
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non-turbulent water. Also, over this range, 
water may be considered an isotropic medum in 
small streams. 
The range of daily temperature variation 
is greater in turbulent than in non-turbulent 
water. It also exhibits a higher rate of 
heating, but a lower asymtotic temperature. 
The nature of the media makes equation (27) 
(Sellars,l965) for the partitioning of energy 
between two msdia that are heated at their 
interface, applicable. This formula indicates 
that a higher proportion of the solar energy 
striking the stream bed enters the water column 
when flow is turbulent, accounting for the 
prediction of a more rapid heating rate. The 
higher asymptotic water temperature of non-
turbulent water is explicable in terms of a 
reduced ability to conduct the heat to the 
water/air interface, where some cooling occurs. 
The water temperature is linearly related 
to the reciprocal of the square root of the 
soil's diffusivity. This is in accordance 
with equation( 2 7) and tends to further verify 
it. The substrate material was predicted to be 
more important during non-turbulent flow. 
However, it may be an important factor during 
both turbulent and non-turbulent conditions. 
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Hater ternperatur~ is linearly related to the 
annual mean temperature, but is rather insensitive 
to it. The water's depth in the range from 10 to 
50 em was of importance. It had a greater 
effect upon the maximum than upon the minimum 
temperatures. Deeper water had lower temperatures, 
with the exception that 50 ern deep non-turbulent 
water was slightly warmer than 30 em deep water. 
This anomaly is considered to be a consequence 
of the low exchange rates in non-turbulent 
water and, as such, its existence is dependent 
upon the absence of buoyance-driven forced 
convection. 
The temperature of the outfall water from 
the reservoir was an important parameter to 
Hhich s·tream temperature was sensitive and 
linearly relatea. This may be explicable in 
terms of its effects upon the soil temperature 
profile. 
The water temperature is linearly related 
to the mean daily air temperature. This is 
an important, but not a dominating factor. 
The observed correspondance between air and 
water temperatures (Sheridan, 1961) may be 
due more to a similarity between the media, 
than to a causual relationship. The range of 
daily air temperatures had no effect upon the 
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water temperature. The ambient vapor pressure 
linearly affects water temperature. It is an 
o· important variable and may cause as much as 5 c. 
difference between humid and dry regions. 1·lind 
speed, \'lhich affects both the evaporative and the 
convective heat flux, is an important parameter. 
Water temperature is curvilinearly related to it. 
The albedo of the stream bed affects water 
temperature. It is of potential importance to 
the explanation of the differences i~ temperature 
betwen streams whose beds have markedly different 
absorptivities. 
Shading is one of the most important factors. 
Water temperature is curvilinearly related to the 
angle from ·the horizon through which there is 
shading. Sky light, diffuse radiation, plays 
little role in stream heating, being dominated by 
direct beam radiation. 
The stream temperature is curvilinearly 
related to the latitude. It is maximal between 
30° and 40° of latitude. This is accounted for by 
the longer day lengths at higher latitudes. There 
is surprisingly little. predicted variation in the 
predicted water temperatures throughtout the 
temperate zone. This implies that the larger 
decreases that are often observed with increasing 
latitude are due to other factors than decreased 
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summertime insolation. The severity and 
prolongation of winter and cold run-off 
temperatures may account for a greater observed 
variation. 
An increase of flow into Walker Creek from 
15 1/sec to 40 1/sec of 25°c water changed the 
stream from a series of still pools connected 
primarily by ground water flow to a turbulently 
flowing stream. This was accompanied by an 
increase in water temperatures, which may have 
been caused by a change in the partitioning of 
energy associated with turbulence, and ~o a 
decrease in the importance of ground water flowo 
Further increases in flow would not be expected 
to increase turbulence, would have less effect 
upon the importance of ground water flow, and 
would increase the depth, thereby decreasing 
water temperatures. This is a simplified 
explanation of the variation of the temperature 
of this stream, as there are also changes in 
depth, width, and time spent in the various 
reaches. However, I feel it is in accordance 
with such observations as could be made. The 
increase from 15 to 40 1/sec raised water 
temperatures and may have distroyed such 
marginal habitat as existed. On careful 
consideration, there.is reason to propose 
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that further increases in the rate of release might 
decrease downstream temperatures. This demonstrates 
that only under some conditions would an increase 
in f lmv improve downstream habitat. The use 
of the reservoir for flood control will produce 
the most significant long term improvement by 
reducing erosion and,. thereby, allowing t_he 
regrowth of riparian vegetation. 
The model was run with values for a small 
clear coastal stream in central California, where 
there is relatively little wind (50 em/sec), 
about 75% humidity, a daily maximum air 
temperature near 25°C, and little shading (30° 
from the horizon}. The results indicate that 
they are more generally applicable. They can 
be extended to small (near 30 em of depth) clear 
streams in areas where the winters are not 
prolonged, throughout the temperate zone, where 
there is little wind or shading, where it is 
moderately humid, and where the temperature of 
the water entering the stream is between 5 and 
25°c. In addition, there must not be excessive 
forced convection due to ground water flow. 
The model run with other values should have 
an even greater range of applicability. 
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